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Introduction
The surface topography of the East European Craton (EEC) is far from being exciting. Surface erosion during a long-lasting (at least, since the Precambrian, Fig. 1b ) development of most of the EEC as a stable platform has delevelled the relief created by ancient processes of lithosphere deformation. Except for the Norwegian Caledonides, where some peaks rise to 2 km, most of the present-day EEC is flat with topography undulation within the 0-200 m range (Fig. 1a) . However, the lack of relief does not mean the lack of a complicated Fig. 1 . Topography (a) based on a 2′ compilation of global digital topography and bathymetry data ETOPO2 (NOAA, 2001) , tectonic setting (b, after Artemieva et al., 2006) , and subsidence history (c-h, after Nalivkin, 1976) of the East European Craton. Red line in (a, b) shows the craton boundaries. Blue lines in (a) -NE boundary of the areas subsiding during the Meso-Cenozoic (dashed line, based on (g)) and of the area of Neogene, on-going subsidence (solid line, based on (h)). Black lines in (a) -NE boundaries of compositional transition in the subcrustal lithosphere (solid hatched -based on Vp/Vs ratio at 150 km depth, see caption to Fig. 5 ; dashed -derived from temperature-corrected lithospheric buoyancy, after Artemieva, 2003; Artemieva et al., 2006) . Note that regions of Meso-Cenozoic subsidence correlate well with the compositional boundary in the cratonic lithosphere. tectonic history, which is vividly reflected in the topographies of the basement top, major crustal interfaces, crustal base, and the lithosphere-asthenosphere boundary. The geometry of these boundaries depends critically on the structure, composition, and thermal regime of the crust and the subcrustal lithosphere.
The goal of the present study is to unravel the complicated links between the topography of the intralithospheric interfaces and the tectonic evolution of the EEC over more than 3.5 Ga and to evaluate the contributions of different lithospheric layers to the surface topography signal. Compared to an earlier study (Artemieva, 2003) , where the contribution of the lithospheric mantle to surface topography was calculated by subtracting crustal buoyancy from the observed surface topography, and thus included the isostatic contribution of both the lithospheric and the sublithospheric mantle, the present study separates the dynamic support of the sublithospheric mantle (dynamic topography) from the lithospheric buoyancy. This allows to examine the links between the present-day tectonic processes in Europe (partly related to the on-going tectonic deformation of the European lithosphere associated with the collision of the Eurasian, African, Scythian and the Arabian plates (Cloetingh et al., 2005) ) and processes in the deep mantle.
Tectonic setting and subsidence history
The East European Craton includes a mosaic of tectonic structures, which forms the vast East European (Russian) Platform (EEP) and the Baltic Shield (Fig. 1b) . The latter is subdivided into four major domains with different tectonic ages: the largely Archean KolaKarelian province in the east, the Paleoproterozoic Sveco-Fennian province in the center, the Mesoproterozoic Sveco-Norwegian province in the south-west, and the Paleozoic Norwegian Caledonides along the western margin of the Baltic Shield.
The EEP is bordered at the west and east by two Paleozoic subduction zones (associated with the TransEuropean suture zone (TESZ) and the Uralides orogen (Hamilton, 1970) , correspondingly) and by still active orogeny at the southern margin (the Caucasus) associated with the collision of the Arabian (Turkish) plate and the Scythian plate. Seismic tomography images of the Uralian (Poupinet et al., 1997) and the TESZ subduction zones remain controversial, and while recent tomography studies of the Tethyan subduction image a slab underneath the Zagros suture zone (Hafkenscheid et al., 2006) , no subduction zone has been imaged so far underneath the Caucasus. Gorbatschev and Bogdanova (1993) proposed that the trans-cratonic Central Russia rift system (CRRS) and the Pachelma trough (rift) mark the suture zones along which three Archean-Paleoproterozoic terranes of the EEC (Baltia in the north, Sarmatia in the west, and Volga-Uralia in the east) were amalgamated in the Proterozoic (Fig. 1b) . The oldest crust in Europe (in some areas N3.6 Ga) is known within the DniesterBugsky block of the Ukrainian shield and in the Voronezh Massif, both within the Sarmatian block of the EEC. Archean gneisses and granito-gneisses have been drilled in numerous deep (N 3 km) prospecting boreholes in Volga-Uralia; unfortunately, accurate dating of the basement rocks is lacking for most of the EEP. The sedimentation history of the EEP indicates that the CRRS was reactivated at ∼ 1.3-0.5 Ga (Fig. 1c-e) .
The Devonian marks a new stage in the tectonic history of the EEP (Fig. 1f) . A rapid sedimentation along the eastern margin of the EEP with the accumulation of up to 3 km of sediments over a period of ca. 100-150 Ma can be explained by a dynamic response (flexural bending) of the platform lithosphere to a Devonian west-dipping subduction associated with the Uralian orogeny (Mitrovica et al., 1996) . Other important tectonic events in the Devonian took place in the southern parts of the EEP (Fig. 1b) : the PeriCaspian Basin began subsidence with the deposition of almost 10 km of sediments during the first 100-150 Ma of subsidence; the huge Dnieper-Donets rift system (filled with 15-20 km of sediments, Fig. 2a ) cut through Sarmatia separating the Ukrainian shield and the Voronezh massif. A large volume of Devonian basalts erupted in the Dnieper-Donets rift system is commonly attributed to the presence of a mantle plume (e.g. Wilson and Lyashkevitch, 1996) . It probably affected the lithospheric mantle of a large region in the southern EEP (Artemieva, 2003) and caused the initial subsidence of the Peri-Caspian Basin (a presence of the oceanic crust in the basin is suspected in the region of a triple junction of the Riphean Pachelma rift and the Devonian Sarpa and Central paleorifts). However, flexural bending of the cratonic lithosphere associated with the closure of the Paleo-Tethys and the development of subduction zones along its southern margin cannot be ruled out as a mechanism for the postDevonian subsidence of the southern EEP.
The latest 200 Ma of the EEP tectonic history are marked by continuous, on-going subsidence of the southern parts of the platform with the accumulation of more than 20 km of sediments in the Peri-Caspian Basin (Figs. 1g-h and 2a) . The origin of this on-going subsidence remains speculative. Good spatial correlation between the areas of Meso-Cenozoic subsidence, areas with a compositionally dense lithospheric mantle as constrained by lithospheric buoyancy and by Vp/Vs ratio in global and regional seismic tomography models (Fig. 1a ) allowed to propose a compositional origin of the on-going platform subsidence due to metasomatic enrichment of cratonic lithosphere by Fe-rich heavy basaltic melts caused by the Devonian magmatism (Artemieva, 2003) . However, this model does not account for a dynamic contribution of the mantle into the vertical movements of the southern EEP. This aspect is addressed in the present study.
Basement and Moho topography

Thickness of sediments
The subsidence history of the EEC is reflected in the topography of the top of its basement (Fig. 2a) , which has been mapped in numerous publications (including a map of the pre-Riphean basement of the EEP (Bronguleev, 1986 ), a map of the Hercynian basement of Ukraine (Sollogub et al., 1989) , subsidence data for the Peri-Caspian basin (Nevolin and Kovylin, 1993) , and compilations for other parts of the EEC (Kaban, 2001 (Kaban, , 2002 ). While the surface topography of the EEC is rather featureless, the topography of the top of the basement exceeds 20 km that is three times the height of the mnt. Everest! The largest thickness of sediments is typical for the Paleozoic and Riphean rift zones within the EEC. The deepest basement depressions include the Peri-Caspian basin (ca. 22 km of sediments in the central part) and the Pripyat-Dnieper-Donets rift (20+ km of sediments in the south-central part (Donbas) and ca. 6-8 km in the northern part). The depressions of the Central Russia rift system and the Pachelma trough contain 3-5 km of sediments, while some depressions along the eastern margin of the EEP reach 5-8 km depth. Basement highs exist in numerous anticlines in Baltia (the Baltic shield), Sarmatia (the Ukrainian shield, the Voronezh Massif, the Belarus High), and Volga-Uralia (the Tokmovo and the Almetiev Domes). The thickness of sediments on these positive basement structures varies from near-zero values in the shield areas, to a few hundred meters in Sarmatia, and to 1.2-1.5 km in Volga-Uralia (Fig. 2a) .
Crustal thickness
Data on the crustal thickness of the EEC (Fig. 2) are based on the compilations of Pavlenkova (1988 Pavlenkova ( , 1996 , Egorkin (1998), Kostyuchenko et al. (1999 Kostyuchenko et al. ( , 2004 , updated for seismic interpretations of the last decade for the TESZ (Sroda et al., 1999; Neprochnov et al., 2000; Bayer et al., 2002; Grad et al., 2002; Thybo et al., 2002; Wilde-Piorko et al., 2002; Janik et al., 2005; Grad et al., 2006) , the north-western EEC (EUROBRIDGE SWG, 1999 Yliniemi et al., 2001; Kozlovskaya et al., 2002) , the Ukrainian shield and the southernwestern EEC (Grad and Tripolsky, 1995; Ilchenko and Bukharev, 2001; DOBREfraction'99 Working Group, 2003; Thybo et al., 2003; Stephenson, 2004) , for Fennoscandia (Korsman et al., 1999; Bock et al., 2001; Korja et al., 2001; Alinaghi et al., 2003; Bruneton et al., 2004a,b; Sandoval et al., 2004; Korja and Heikkinen, 2005; Korja et al., 2006; Tiira et al., 2006) , and for the Urals (Carbonell et al., 2000; Morozov, 2001) .
The base of the crust displays strong topography undulations with an amplitude of up to 30 km (Fig. 2b) . While the crustal thickness exceeds 60-65 km in southwestern Finland (Tiira et al., 2006) , it is only 30-32 km in the northern part of the Mezen rift province and 32-36 km in the central part of the Peri-Caspian basin, where the Devonian rifting has probably led to the formation of oceanic crust. Combined with the data on the thickness of sediments, thickness of the crystalline crust does not exceed 14-16 km in the central part of the Peri-Caspian basin (Fig. 2c) , which makes the range of variations in the thickness of consolidated crust really amazing, ca. 50 km, among the largest documented for any craton of the world. The typical values of crustal thickness within most of the EEP are 42-45 km, and slightly less along the Proterozoic rifts of Central Russia (Kostyuchenko et al., 1999) , but 47-48 km at the flanks of the Pachelma trough and 45-50 km in the Archean part of the Karelian province and in some blocks of the Ukrainian Shield. In the Sveconorwegian and Svecofennian provinces of Fennoscandia, crustal thickness typically varies from 32-36 to 42-45 km; however large thickness variations (36-65 km) are documented in the latter.
The statistical properties of the European crust reflect the dependence of the crustal structure on the tectonic history of the areas. The results are summarized in Table 1 for six time intervals (Archean, N 2.5 Ga; late, middle, and early Proterozoic, N 1.8 Ga, N 1.0 Ga, N 560 Ma, correspondingly; Paleozoic, N 250 Ma, and Meso-Cenozoic) that correspond to the time of major tectonic events within the EEC.
Statistically, crustal thickness variations (i.e. depth to the Moho) in the Precambrian parts of the EEC, calculated from all available regional seismic studies, do not support an earlier conclusion on a thin Archean crust (Durrheim and Mooney, 1991) : although the Archean crust of the EEC is slightly thinner than the Paleoproterozoic crust (42.2 km and 44.0 km, correspondingly), statistically they are undistinguishable (Table 1) . Instead, a strong trend in thinning of the crust with age is evident from the statistical analysis of available seismic data. Crustal thickness systematically decreases from 42-44 km in the oldest blocks of the EEC (N1.6 Ga) to 37-40 km in the Paleozoic-Mesoproterozoic structures, and to ca. 31 km in the Meso-Cenozoic regions. Similar trend is evident for the thickness of the crystalline crust, with the corresponding values of 41-43 km, 32-35 km, and ca. 28 km. Note that the statistics for the Meso-Cenozoic regions may not be representative of the entire West-European area, since the region of the study included only the continental crust within the quadrangle 0-62E, 45-72N. Furthermore, a large scatter for the Meso-Cenozoic crust is caused by a highly heterogeneous crustal structure of tectonically young regions, which include sedimentary basins, rift zones, and collisional orogens with the associated subduction zones.
Within the EEC, a striking correlation between the topography of the inter-crustal interfaces and the tectonic history is observed (Fig. 2, d -e). For example, the Central Russia rift system is clearly expressed in the thicknesses of the upper and middle crustal layers (Kostyuchenko et al., 1999; Artemieva, 2003) : while the thickness of the former is ca. 15 km (probably due to magmatic additions during the Riphean rifting), the latter is thinned to less than 5 km. By contrast, the Archean blocks of the EEC are characterized by a thick (in many areas exceeding 20 km in thickness) highdensity, high-velocity lower crust (Fig. 2f) .
Topography of the lithosphere-asthenosphere interface
Thermal lithosphere
Similarly to the crustal structure, the lithosphereasthenosphere boundary beneath the EEC exhibits a strong relief (Figs. 3d and 5f). Good coverage of highquality borehole heat flow measurements allows calculation of the lithospheric geotherms ( Fig. 3) and estimation of thickness of the thermal lithosphere, defined here as the depth where the continental geotherms intersect the 1300°C mantle adiabat. The details related to model assumptions and parameterization can be found elsewhere (e.g. Artemieva and Mooney, 2001 ). Sensitivity analysis shows that for the EEC the model uncertainties are ca. ± 50°C for Moho temperatures, ± 100°C for temperatures in the subcrustal lithosphere, and ca. ± 25 km for the lithospheric thickness (Artemieva, 2003; Artemieva et al., 2006) .
The statistical analysis indicates a systematic, almost linear, increase in lithospheric thickness from Cenozoic to Archean structures ( Fig. 4d) , with a 200 km span in lithosphere thickness values. Reassessment of the thermal model (Artemieva, 2003) indicates that the largest values (ca. 250-275 km) are estimated for the Kola-Karelian province and some parts of Volga-Uralia. Both Riphean and Devonian rifts are well expressed in the topography of the lithosphere-asthenosphere boundary, with the lithospheric thickness being in the range of 160-180 km and 120-140 km, respectively. The trend for the age-dependence of Moho temperatures is weak, especially for the Precambrian crust, due to large variations in the crustal thickness (Fig. 4a,c) . Note that the transition from the craton to Phanerozoic Western Europe is marked by a sharp change in the deep thermal regime (Fig. 3 ).
Seismic lithosphere
Large-scale seismic tomography models support the existence of large undulations of the lithosphereasthenosphere boundary beneath the EEC (Fig. 5f ). Although the lateral resolution of the global surfacewave tomography model (Shapiro and Ritzwoller, 2002) does not exceed 500-1000 km, it shows the same major features as the higher-resolution thermal model (Fig. 3d) . Note, however, that seismic lithosphere is systematically thicker (by ca. 50 km) than thermal lithosphere. This difference corresponds to the thickness of the transition zone between mantle layers with purely conductive and purely convective heat transfer (the former defines the thermal lithosphere). Furthermore, the base of the seismic lithosphere (defined by a decrease in seismic velocities) has a diffuse character associated with high-temperature relaxation and partial melting (Anderson, 1989) .
Compositional lithosphere
A combined interpretation of P-and S-wave seismic tomography models allows to speculate on the properties of the upper mantle (Fig. 5 , a-e). P-wave velocity perturbations are based on the tomography models of Piromallo and Morelli (2003) and of Bijwaard and Spakman (2000) recalculated to absolute velocity by scaling by the ak135 model (Kennett and Engdahl, 1991) . Both of these models have high lateral resolution (∼ 100 km) in western Europe due to a good coverage of events and stations and low lateral resolution (500-1000 km) for most of the EEP (in particular, the NE part of the EEP has the lowest resolution leading to a large uncertainty of Vp/Vs ratios for this region). The vertical resolution of P-wave tomography models is low compared to surface-wave tomography, since body waves have an almost vertical propagation and sample the entire mantle. S-wave velocity perturbations are based on the global model of Shapiro and Ritzwoller (2002) for the Rayleigh-wave phase velocities, which has a vertical resolution of 50-100 km for the upper 250 km and a lateral resolution of ca. 500-1000 km. The S-wave velocity model is best resolved for the depth interval of 150-200 km, where the effect of the crust is weak but the vertical resolution is still significant. Fig. 5 ,a-d can be interpreted in terms of compositional anomalies in the lithosphere of Europe, since the Vp/Vs ratio is thought to be more sensitive to compositional than to temperature variations (e.g. Lee, 2003) . A statistical analysis of Vp/Vs variations within the European upper mantle (Fig. 5e) shows high variability of Vp/Vs at 100 km depth (in particular, for the Paleozoic and Mesoproterozoic regions), which is likely to be caused by the crustal effect, not entirely removed in the P-and S-wave tomography models. For the deeper mantle, almost no age-dependence of Vp/Vs ratio is observed for Precambrian regions older than 0.9 Ga. Since lithosphere younger than 0.9 Ga is, statistically, thinner than 150 km (Table 1) , high Vp/Vs ratios for the lithosphere of this age are associated with the sublithospheric mantle. It implies that while Vp/Vs ratio can be efficiently used to outline the margins of cratonic lithosphere, it does not allow to distinguish lithospheric blocks of different ages (and composition) within the Precambrian cratons.
Quantifying crustal and mantle contributions to the surface topography
Huge variations in the thicknesses of the sedimentary cover (N 20 km), of the crystalline crust (ca. 50 km), and of the lithosphere (ca. 200 km) combined with an almost complete absence of surface relief within the EEC make it intriguing to analyze the relative contributions of the crust, the subcrustal lithosphere, and the sublithospheric mantle to maintaining regional isostasy. Following Lachenbruch and Morgan (1990) , the isostatic contributions of the crust and the subcrustal lithosphere to topography can be quantified, provided their structure (thickness and average in situ density) is known. The calculations are based on the following assumptions: (a) the isostatic balance is achieved at the base of the lithosphere; (b) surface topography results from the sum of the crustal and lithospheric buoyancies and a contribution of the dynamic topography (the latter effect was neglected in the previous study (Artemieva, 2003) ); (c) the asthenosphere has a uniform density; (d) density variations within the lithosphere depend on its composition and temperature. Under these assumptions, the crustal contribution to the surface topography (crustal buoyancy B c ) is caused by variations in crustal thickness H c and crustal density:
where ρ a is density of asthenosphere and ρ c is the average in situ density of the crust (Fig. 6) . Similarly, lithospheric contribution to the surface topography (i.e. lithospheric buoyancy B l ) depends on the thickness of the subcrustal lithosphere H l and the average density contrast between the asthenosphere and the lithosphere:
where ρ l is mean density of the subcrustal lithosphere at in situ temperature and pressure:
α = 3.5 × 10 − 5°C− 1 is the volume coefficient of thermal expansion, β is compressibility, and ρ o is SPT density (at standard pressure-temperature, i.e. at T = 25°C and P = 1 atm) of the subcrustal lithosphere. For the lithospheric mantle, the pressure effect on densities as well as the temperature effect on thermal expansion are insignificant (e.g. Nisbet, 1984) , in particular in comparison with uncertainties in densities, temperatures and thicknesses of the crust and the lithosphere (see Table 2 Fig. 5. (a-d) Vp/Vs ratio at 100, 150, 200, and 250 km depth (smoothed by Gaussian filtering), based on the tomography models of Bijwaard and Spakman (2000) , Piromallo and Morelli (2003) , Shapiro and Ritzwoller (2002) . The maps reflect compositional anomalies in the lithosphere of Europe. See text for explanations. (e) Variation of Vp/Vs ratio as a function of tectono-thermal age of the lithosphere of Europe. (f) Depth to the lithosphere-asthenosphere boundary; here the base of the seismic lithosphere is defined by a 1% perturbation of Rayleigh-wave phase velocities (derived from the global model of Shapiro and Ritzwoller (2002) and interpolated with a low-pass filter) with respect to the global continental model iaspei91 (Kennett and Engdahl, 1991) . and the section on the sensitivity analysis), and can be neglected.
The mean (in situ) lithospheric temperature can be considered as the arithmetic mean between the subcrustal (Moho) temperature T M and the asthenospheric temperature T o (assumed here to be 1300°C). Thus, a contribution of thermal expansion to density variations in the subcrustal lithosphere is specified by Moho temperatures (Figs. 3b and 4c ):
The set of Eqs. (1)- (4) allows to calculate the contributions of the crust and the subcrustal lithosphere to the total topographic signal and to quantify the residual topography D, i.e. the topography which cannot be explained by the assumed structure of the crust and the subcrustal lithosphere, and which can, at least in part, originate from the dynamic contribution of the sublithospheric mantle (the dynamic topography) into the surface topography H o :
Short-wavelength lateral variations of the residual topography can also reflect regionally compensated local lithospheric flexure related to the bending stresses or displacements on faults (Burov and Diament, 1995) . In the cratonic regions, where the lithosphere is characterized by high values of flexural rigidity (and thus has large values of elastic thickness, N60 km for most of the EEC (Pérez-Gussinyé and Watts, 2005)), this would correspond to a wavelength of few hundred kilometers. Note, however, that lateral resolution of the present study is effectively limited to 100-200 km by the areal coverage by seismic and borehole data, and thus for most of the EEC short-wavelength flexural contributions to the residual topography can be neglected.
The constant Δ is the height of the sea level above the asthenosphere and it can be estimated for the oceanic lithosphere, where the bathymetry ε can be calculated from the Airy scheme of isostatic compensation:
Here L is lithospheric thickness, ρ l -mean lithosphere density, ρ w -water density. For an oceanic ridge all of these parameters can be estimated with greatest confidence (Lachenbruch and Morgan, 1990) , and the constant Δ ≅ 3.35 km for ρ l = 2900 kg/m 3 , ρ a = 3240 kg/m 3 , ρ w = 1020 kg/m 3 , L = 5.5 km, ε = −2.5 km. Calculations of B l (the isostatic contribution of lithospheric roots to the surface topography), B c (the topography predicted from an isostatically balanced crust), and D (the dynamic topographic support of the sublithospheric mantle) require data on the surface topography, thickness and density of the crust, SPT density of the subcrustal lithosphere, lithospheric thickness, Moho temperatures, and density of the asthenosphere. A 2-minute global digital topography and bathymetry model of the Earth (Fig. 1a, NOAA, 2001 ) provides high-resolution data on the surface topography. Data on the crustal thickness and Moho temperatures were discussed earlier (Figs. 2b and 3b) ; for consistency, the depth to the lithosphere-asthenosphere boundary was based on thermal constraints (Fig. 3d) which, besides, provide better lateral resolution than seismic tomography models. The choice of the other parameters is discussed in the following section.
6. Density structure of the crust and the upper mantle 6.1. Density of asthenosphere
The density of the asthenosphere is assumed to be constant beneath the different lithospheric blocks and, thus, an uncertainty in its true value may result only in a systematic shift of the results. For a pyrolite composition of the upper mantle, its SPT (i.e. at room conditions) density is in the range from 3370 to 3410 kg/m 3 (e.g., Anderson, 1987; Irifune, 1987) . In the present study a mean value of 3390 kg/m 3 is used, which is equivalent to an in situ asthenospheric density of 3240 kg/m 3 (for thermal expansion coefficient of 3.5 × 10 − 5°C− 1 and the potential temperature of the upper mantle of 1300°C).
Density of the crust
The density structure of the entire continental crust is poorly known due to a large uncertainty in the genesis, composition and, as a result, density structure of its lower layer (Jordan, 1979; Rudnick and Fountain, 1995) . A velocity-density conversion based on laboratory studies of crustal rocks provides estimates of crustal densities. In the present study, the average in situ density of the crystalline crust (Figs. 4e and 7a) was calculated from the average in situ basement Vpvelocities (see Section 3 for references), using the experimental relationship of Christensen and Mooney (1995) for the depth of 20 km, which approximately corresponds to the mean in situ pressure in the basement rocks. Note that Phanerozoic crust has significantly lower velocities (6.2-6.4 km/s) than the cratonic crust (6.6-6.8 km/s), and hence lower densities . The largest crustal velocities (N6.8 km/s) are observed in the Archean-Paleoproterozoic KolaKarelia and the Ukrainian shields, which have the highest density of the crystalline crust (2950-3090 kg/ m 3 ) ( Table 1) . As a result, the in situ density contrast between the crystalline crust and the sublithospheric upper mantle differs remarkably between the cratonic and the Phanerozoic crust: ca. 500 kg/m 3 for the crust of western Europe, 300-350 kg/m 3 for most of the Precambrian crust, and as little as 150-250 kg/m 3 for some parts of the Baltic and the Ukrainian shields (Fig. 7a) .
The sedimentary cover of the EEC ranges in thickness from near-zero values in the shield areas to more than 20 km in the southern parts of the platform affected by the Paleozoic tectono-magmatic activity (Fig. 2a) . A vast amount of geophysical exploration studies combined with numerous borehole data from different parts of the EEP provides important information on regional (both lateral and vertical) variations in the density of sediments (see references in Yegorova et al., 1999; Kaban, 2001) . The density of the sedimentary cover of the EEP ranges from 1900 to 2350 kg/m 3 in the Meso-Cenozoic sand and clay deposits (with the highest values in the Dnieper-Donets rift) through 2300-2550 kg/m 3 in the late Paleozoic clastics and carbonates in most of the EEP to 2800 kg/m 3 in the early Paleozoic effusives of the Dnieper-Donets rift and to 2850-2900 kg/m 3 in the Vendian-Cambrian carbonates of the Peri-Caspian basin. In regions, where the thickness of sediments exceeds 7-8 km, the compaction effect results in a density increase in the lowermost sediments to values close to crystalline rocks. Using a platform-wide compilation of data on lateral and vertical density variations in the sedimentary cover of the EEP (Podoba and Ozerskaya, 1975) , the following relationship between the density of sediments ρ (in kg/m 3 ) and their depth z (in km) was used in the present analysis to account for the pressure effect:
The depth z is assumed to be equal to 1/2 of the total thickness of sediments.
The map of the total crustal density (sediments plus crystalline crust) (Fig. 7b) differs considerably from the density (or velocity) map for the crystalline crust (Fig. 7a) . In particular, a low total crustal density is characteristic for the major sedimentary basins of the EEC, including the Peri-Caspian basin, the DnieperDonets rift, the eastern Volga-Uralia, and the Central Russia rift system. In these regions the total crustal density contrasts with the asthenosphere by ca. 400-450 kg/m 3 . The smallest crust-mantle density contrast is observed in some parts of the Ukrainian shield, 250 kg/m 3 only. Statistical analysis of the age-dependence of the total crustal density indicates that it systematically increases with age from ca. 2835 kg/m 3 in Meso-Cenozoic regions (2866 kg/m 3 at STP) to ca. 2900 kg/m 3 in the Archean-Paleoproterozoic crust (2920-2930 kg/m 3 at STP) (Table 1) . For in situ values, a polynom:
provides the best fit, where ρ in situ is the total in situ density of the crust (in t/m 3 ) and t is tectono-thermal age of the crust in Ga (the latter value can be derived from the global continental model TC1, Artemieva, 2006) . Density values at STP conditions (temperature effect removed) show a similar trend. The high total density of the early continental crust results from the absence of a sedimentary cover and from the large thickness of highdensity lower crust (Fig. 2f) , while the significant thickness of sediments and the absence of a highvelocity lower crust in the European Variscides result in a low total crustal density. Since the Central Russia rift system is well expressed in the structure of both the crystalline crust (Fig. 2, d -e) and the sedimentary cover (Fig. 2a) , it expresses itself as a distinct low-density crustal zone within the EEP (Fig. 7b) .
Density of the subcrustal lithosphere
Numerous petrologic studies of craton and off-craton mantle-derived peridotite xenoliths indicate strong chemical heterogeneity of the lithospheric mantle beneath the continents with well-documented secular variations in its composition (e.g. Boyd, 1989; Pearson et al., 1995; Griffin et al., 1998 Griffin et al., , 1999 . In particular, as compared to the convecting mantle, the ancient cratonic lithosphere is depleted in basaltic components (quantified by mg# = Mg / (Mg + Fe)) due to the removal of Fe-rich melts. Off-craton peridotites have mg# intermediate between the cratonic peridotites and the oceanic lithosphere (e.g. Pearson et al., 1995; Gaul et al., 2000) , suggesting that not only the Archean but the Proterozoic lithosphere is depleted.
Since the density of the lithospheric mantle is essentially controlled by the olivine composition (e.g. Griffin et al., 1998) , lithosphere depletion results in a density deficit, which is determined as the ratio of the density contrast between the lithospheric mantle and the asthenosphere to the density of the asthenosphere, Δρ =(ρ l −ρ a )/ρ a . In particular, an increase in mg# with age results in a strong, almost linear, decrease in the density of the subcrustal lithosphere with age (e.g. Jordan, 1981) , as indicated by density calculations based on the mean mineral compositions of the lithospheric mantle and experimental data on the densities of the end-member minerals (e.g. Boyd et al., 1993; Griffin et al., 1998; Gaul et al., 2000) .
The results of earlier studies (Artemieva, 2003; Kaban et al., 2003) suggest that the density deficit in the lithospheric mantle may not necessarily correspond to the values expected from petrologic studies. To examine the competing roles of lithosphere depletion and the dynamic support of the mantle on surface topography, two end-member density models for the lithospheric mantle are used in the present study ( Fig. 4f): (a) with the constant SPT density equal to the SPT density of asthenosphere (i.e. 3390 kg/m 3 ) so that all in situ lateral density variations in the lithospheric mantle are solely of thermal origin; (b) with the age-dependent SPT density of the lithospheric mantle ( Fig. 7c) with the values based on petrologic studies of peridotites from mantle xenoliths: 3390 kg/m 3 for the Phanerozoic mantle, 3360-3370 kg/m 3 for the Neo-and Mesoproterozoic mantle, and 3300-3340 kg/m 3 for the Archean-Paleoproterozoic mantle (Table  1) . These values correspond to 1.4-1.5%, 0.6-0.9% and 0% of depletion of the subcrustal lithosphere with respect to the underlying mantle. Thus in both density models, the Phanerozoic subcrustal lithosphere is assumed to have formed by conductive cooling of the convective mantle and have the same composition as the latter.
Following the results of Kaban et al. (2003) , the compositional variations between the lithosphere of the same age are assumed to be small, and thus agedependent density of the lithospheric mantle is the same for the lithosphere of the same age, while all density variations in a lithospheric column are caused by thermal expansion. The tectono-thermal ages of the mantle are based on the global continental TC1 model constrained on a 1°× 1°grid (Artemieva, 2006) , assuming that the ages of the lithospheric mantle and the overlying crust are essentially the same. Regional petrologic and seismic studies indicate that this assumption is generally valid at distances N100-200 km from the terrane boundaries of different ages (e.g. BABEL Working Group, 1993; Clowes et al., 1998; Cook et al., 1999; Pearson, 1999) .
Data on the Moho temperature (Fig. 3b ) are used to correct SPT lithospheric density for thermal expansion and to calculate mean in situ density of the subcrustal lithosphere (Eq. (2), Figs. 4f and 7c) . The resulting average in situ density of the entire lithospheric column (sediments, crystalline crust, and the lithospheric mantle assuming age-dependent SPT density) is shown in Fig.  7d . Although these values are not used in the further analysis, they provide important constrains for analysis of gravity data (that is outside the scope of this study). Intriguing features in Fig. 7d are the high total lithospheric densities in the Caledonides, the Uralides, and the Mezen Rift system and the low densities beneath the Baltic Sea, the Peri-Caspian Basin, and the Phanerozoic structures (western Europe and the Pechora Basin).
7. Crustal, lithospheric and dynamic contributions to the surface topography
Sensitivity analysis
In the present study, the isostatic contribution of the lithospheric mantle (lithospheric buoyancy) is calculated directly from data on the lithospheric thickness, temperature, and density (Eqs. (2)-(4)). Such an approach, as compared to an earlier study (Artemieva, 2003) , allows to separate the dynamic support of the sublithospheric mantle (dynamic topography) from the isostatic contributions of the crust and the subcrustal lithosphere to the total topographic signal (Eq. (5)).
Five parameters control the results of the isostatic calculations (Eqs. (1)- (4)): data on the thicknesses and densities of the crust and lithospheric mantle, and temperature at the crustal base. The results of the sensitivity analysis are summarized in Table 2 for all of these parameters; variations in their values reflect the typical uncertainties in their estimates. The effect associated with the uncertainty of the density structure of the lithospheric mantle is not included, since the two density models used in the study (constant and age-dependent) illustrate the effect of possible density variations in the lithospheric mantle.
The uncertainty associated with the average crustal density has the strongest effect on the final results (up to 0.5 km), while results are much less sensitive to the uncertainties in crustal thickness and Moho temperatures (Table 2 ). The uncertainty in the lithospheric thickness alone has a weak effect on the solution, although in this case a change in Moho temperature will occur. On the whole, in the most unfortunate case when all uncertainties work in the same direction, the total uncertainty is ca. 0.75 km for the crustal buoyancy and ca. 0.25 km for the lithospheric buoyancy, leading to ca. 1 km for the residual (or dynamic) topography.
Crustal buoyancy
The isostatic contribution of the crust to surface topography (crustal buoyancy) depends on the crustal thickness and density (Eq. (1)). For a typical crustal in situ density of 2835-2900 kg/m 3 (Table 1 ) and crustal thickness of 40-42 km, the crustal contribution to the surface topography is ca. 4-5 km (Fig. 8a, c) . Within the EEC, the crustal buoyancy varies from b 3 km to ca. 5 km, locally reaching 6 km. Since the Phanerozoic crust is thin, but warm and light, while the cratonic crust is thick, but cold and dense, the interplay between lateral variations in the crustal thickness and crustal density results in a mosaic spatial pattern of the crustal buoyancy (Fig. 9a) . Fig. 8c-d show the statistical values of the crustal, lithospheric and dynamic (residual) contributions to the European topography as a function of tectono-thermal age, for a constant and age-dependent SPT densities of the lithospheric mantle. Statistically, the buoyancy of the European crust older than 100 Ma varies within a very narrow band of 4.4-4.7 km and is age-independent ( Fig.  8c-d) . For Cenozoic crust, which is both thin and light (Fig. 4a, e) , crustal buoyancy is only 3.65 km. On the whole, the crustal contribution is high in regions with either a very thick crust or with a very light crust (compare with Figs. 2b, 3b, 7b) . The former include the Finnish part of the Baltic Shield and some parts of Sarmatia (with parts of the Ukrainian Shield) and Volga-Uralia. The latter include regions with a thick sedimentary cover (the PeriCaspian basin and the Dnieper-Donets rift), with high lithospheric temperatures, or with a thin (or missing) highdensity lower crust (the Phanerozoic Europe and the Pechora basin).
Buoyancy of the subcrustal lithosphere
The isostatic contribution of the lithospheric mantle to the surface topography (Eqs. (2)- (4), Fig. 8a-b) is calculated from data on its thickness and temperature for two density models: the constant SPT density of 3390 kg/m 3 and the age-dependent SPT density of the lithospheric mantle as constrained by petrologic data on mantle-derived xenoliths from different continents (Fig.  4f ) (e.g. Griffin et al., 1998) .
7.3.1. B l for constant SPT density of the subcrustal lithosphere For a constant SPT mantle density, buoyancy of the lithospheric mantle reflects chiefly lithosphere thickening with age, since the density contrast between the lithospheric mantle and the asthenosphere depends only on temperature (which, in turn, controls lithospheric thickness) (Fig. 4d, Eq. (2) ). For a constant SPT density of 3390 kg/m 3 , the average in situ density of the European lithospheric mantle is 3278± 90 kg/m 3 , with regional variations ranging from 3240 to 3300 kg/m 3 (Table 1) . In this case, lithospheric buoyancy is always negative and, following the age trend for the lithospheric thickness, decreases with age from ca. −1.0 km in Meso-Cenozoic regions to −2.2 km in the Archean shields (Fig. 8c , Table 1 ). The lowest values (b−3.0 km) are calculated for the Archean blocks where lithosphere thickness exceeds 250 km (Fig. 9c, compare with Fig. 3d) . A transition from the cratonic to non-cratonic lithosphere is marked by a sharp change in lithospheric buoyancy: in Meso-Cenozoic regions with a thin lithosphere, lithospheric contribution to the surface topography becomes close to zero (Fig. 9c) . Note that even Cenozoic collisional orogens with a large lithospheric thickness associated with subduction zones (e.g. the Alps) have low lithospheric buoyancy due to cold mantle temperatures.
B l for age-dependent density of the subcrustal lithosphere
For the model with a depleted low-density composition of the cratonic lithospheric mantle with an agedependent density (Fig. 7c) , the isostatic contribution of the sublithospheric mantle is very sensitive to variations in lithospheric density (Figs. 8b and 9e , compare with Fig. 7c ) and can have both positive and negative sign (Table 1) . Despite low lithospheric temperatures, cratonic regions with a depleted low-dense lithosphere have the largest, slightly positive, contribution to the lithospheric buoyancy. However, the isopycnic hypothesis of Jordan (1988 Jordan ( , 1997 , which assumes that cratonic lithosphere is gravitationally stable due to an approximate balance between compositional and temperature-induced density variations in the lithospheric column, is not entirely satisfied (Fig. 9e) , although the amplitude of deflections of lithospheric buoyancy from zero is much smaller than for the model with the constant SPT density (Fig. 9c) .
Lithospheric buoyancy increases with age from weakly negative values (−0.5-1.3 km) in regions younger than 1.6 Ga to weakly positive values (+0.3+1.0 km) in the Archean-Paleoproterozoic blocks (Figs. 8d and 9e) . Note that Proterozoic rifts within the EEC are marked by slightly negative lithospheric buoyancy. For Paleozoic and Meso-Cenozoic structures with fertile lithospheric mantle the results are the same as for the constant SPT mantle density (Fig. 8c) .
Residual and dynamic topography
Knowledge of the isostatic contributions of the crust and the lithospheric mantle to the observed surface (2)). For typical values of crustal and lithospheric densities (Table 1) , crustal buoyancy is in the range from 4 to 6 km, while buoyancy of the lithospheric mantle varies from ca. +1 km to − 2.5 km (dashed lines). In situ density of asthenosphere is 3240 kg/m 3 . (c-d). Crustal, lithospheric and dynamic (residual) contributions to the European topography for the regions of different tectono-thermal age, assuming: (c) constant (3390 kg/m 3 ) and (d) age-dependent SPT density of the lithospheric mantle (compare with Fig. 4f) . See text for explanations. topography allows calculation of the residual topography, i.e. the topography which cannot be explained by thermal and density structure of the lithosphere (Eq. (5)). The residual topography can include two parts: (a) anomalies (artifacts) associated with unaccounted variations in lithospheric properties (chiefly, density of the lithospheric mantle) and (b) the dynamic topography caused by the mantle flow due to density variations in the sublithospheric mantle (Hager et al., 1985) . The latter is of a special interest since it provides important information on global and regional mantle dynamics. For example, excess topography in South Africa can be explained by vertical stresses at the lithospheric base caused by an upwelling mantle flow from the lower mantle (Lithgow-Bertelloni and Silver, 1998).
Numerous attempts to estimate the dynamic topography show a huge discrepancy in its value, mainly associated with the poorly known density structure of the lithosphere (e.g. Le Stunff and Ricard, 1995) . Models of mantle convection and models constrained by seismic tomography predict a dynamic topography of N1.5 km (e.g. Hager et al., 1985; Forte et al., 1993) , isostatic constraints based on geoid and mantle flow models provide much smaller values (Cazenave et al., 1989; Lithgow-Bertelloni and Silver, 1998) , while models based on Cenozoic subsidence and Phanerozoic flooding of continental platforms predict values of ca. 0.2 km only (Gurnis, 1990; Lithgow-Bertelloni and Gurnis, 1997) . Furthermore, Colin and Fleitout (1990) estimate the amplitude of dynamic topography to be zero.
In the present study the residual (and therefore, the dynamic) topography is calculated directly as the difference between the total surface topography signal and the isostatic contributions of the crust and lithospheric mantle (Eq. (5)). Since two end-member density models were used to calculate lithospheric buoyancy, two end-member models for the residual (dynamic) topography are presented here.
Constant SPT density of the subcrustal lithosphere
Statistically, the crustal contribution to the surface topography is similar for tectonic structures of different ages (Fig. 8c) . As a result, for the constant (3390 kg/m 3 ) SPT density of the lithospheric mantle, the residual topography (Fig. 9d ) largely reflects variations in lithospheric buoyancy, which in turn are controlled chiefly by variations in lithospheric thickness (compare with Figs. 3d and 9c) . The residual topography is positive for lithosphere older than 1.0 Ga and younger than 100 Ma, but slightly negative for the Paleozoic and Neoproterozoic structures (Fig. 8c, Table 1) . A significant part of the residual topography can be attributed to compositional variations in the cratonic lithospheric mantle since the largest positive anomalies are observed in the Archean blocks. Positive values of residual topography (ca. 1.4 km for the Archean regions and ca. 0.6 km for the Meso-and Paleoproterozoic regions, Table 1 ) can be reduced to zero if the in situ density of the lithospheric mantle is 3260 kg/m 3 (implying a ca. 1% density deficit) both in the Archean and in the Meso-Paleoproterozoic blocks. Note that (a) this value of density deficit (depletion) for the Archean cratons is significantly lower than indicated by xenolith data from the Archean cratons of the world (1.3-1.5%, Poudjom Djomani et al., 2001) ; (b) statistically, the data do not require any difference in density between the Archean and Meso-Paleoproterozoic lithospheric mantle since the difference in lithospheric thickness in these regions effectively compensates for the difference in the residual topography values. For example, the Riphean Central Russian Rift System (Fig. 1b) , which has close to zero values of the residual topography, may have the same composition (density) of the Archean-Paleoproterozoic lithospheric mantle as most of Baltia, Sarmatia, and Volga-Uralia, where thicker lithosphere results in higher values of the residual topography.
The statistical analysis shows that Meso-Cenozoic regions are characterized by a weakly positive residual topography (0.75 km, Table 1 , Fig. 8c ), which reflects either the dynamic effect of mantle flow (including large-scale and small-scale convective upwellings and the dynamic support of mantle plumes) in regions of active present-day tectonics, or flexural adjustment of the lithospheric plate in the regions of Phanerozoic tectonics, or density of the lithospheric mantle lower than assumed (e.g. due to a presence of partial melts). However, note that many Phanerozoic structures have strong negative anomalies of the residual topography (− 2-3 km as in the Po basin, the Peri-Caspian basin, the southern Peri-Urals foredeep, and in the Northern Caucasus foredeep). These anomalies can reflect the dynamic response (down-flexure) of the lithospheric plates to the down-pull by dense cold subducting slabs (Gurnis, 1992; Stern and Holt, 1994) beneath the Alps and the southern-eastern margins of the EEP.
Age-dependent density of the subcrustal lithosphere
For the age-dependent SPT density of the lithospheric mantle, the contribution of the lithospheric mantle to the surface topography increases with age from weakly negative values in regions younger than 1.6 Ga to weakly positive values in the Archean-Paleoproterozoic blocks (Fig. 8d) . As a result, the residual topography is negative for crustal blocks older than 1.6 Ga (− 1.0-2.0 km) and is close to zero for Meso-and Paleoproterozoic lithosphere (Fig. 9f) . Since the results for western Europe are the same as in case of a constant SPT lithospheric density (Fig. 9d) , they are not discussed in this section.
An analysis of the regional patterns shows fascinating results. Two regions of a recent enigmatic tectonic uplift at the cratonic margins, the Norwegian Caledonides (Japsen and Chalmers, 2000) and the Urals (Lider, 1976) , show the highest residual topography (N 2 km). It can be attributed to a dynamic support of the sublithospheric mantle produced by an upwelling mantle flow. In particular, the density anomaly in the North Atlantic mantle associated with the Iceland plume can provide a dynamic support for the Norwegian Caledonides. The origin of a dynamic support beneath the Uralides is less clear; however, a kinematic analysis of global plate motions for the last 120 Ma predicts a dynamic rebound (uplift) of continents after the cessation of subduction (Lithgow-Bertelloni and Richards, 1998) . Further discussion of the origin of a dynamic support of the Norwegian Caledonides and the Urals is outside the scope of the present study. Other regions with a slightly positive residual topography include the Mezen and the Dnieper-Donets Rift systems. In these regions the residual topography is likely to have a dynamic origin, indicating thermo-mechanical (flexural) adjustments of lithospheric plates in regions where active tectonics has ceased in the Paleozoic to Mesozoic.
Another intriguing result of this study is the negative residual topography (ca. − 1.5 km) of the ArcheanPaleoproterozoic blocks of the EEC (Figs. 8d and 9f) , although compositional variations in the lithospheric mantle of the EEC have been incorporated into the model. It means that crustal buoyancy together with large lithospheric buoyancy due to high mantle depletion predict the surface topography to be ca. 1.5 km higher than is observed within the EEC. A downpull of the lithosphere is required to compensate for this discrepancy. Furthermore, such a downpull should lead to platform subsidence. Indeed, the western and southern parts of the EEC have been subsiding since the Late Paleozoic (Fig. 1, f-h ). Note that the region with the strongest negative residual topography (Bashkiria) has the fastest subsidence rate, as evidenced by Phanerozoic sediments exceeding 5 km in thickness (Fig. 1h) .
Two alternative mechanisms can provide the required lithospheric downpull and explain the strong negative residual topography of the Archean-Paleoproterozoic blocks of the EEC: (1) compositionally-induced subsidence due to high lithospheric density or (2) dynamic subsidence (i.e. dynamic contribution to the surface topography) due to mantle flow in the sublithospheric mantle. In an earlier study (Artemieva, 2003) , it was proposed that the lithospheric mantle of the southern EEC has a non-cratonic, high-density that causes compositionally-induced low topography of this region. The results of the present study, in which residual (dynamic) and lithospheric contributions to the surface topography are separated, provide further insight into this problem.
(1) Compositional subsidence means that the assumed density deficit in the cratonic mantle (constrained by petrologic studies of mantle peridotites) is overestimated. Zero residual topography of the ArcheanPaleoproterozoic blocks of the EEC can be achieved if the degree of depletion of their lithospheric mantle is significantly lower (ca. 0.9-1.0%) than estimated for other Archean cratons from xenolith data (Griffin et al., 1998; Poudjom Djomani et al., 2001 ). For example, Fe-rich dunites and wehrlites can be undersampled by xenoliths due to their high densities (0.6%-3% higher than densities of peridotites) (Lee and Rudnick, 1997) , resulting in too low values of the density of the cratonic lithosphere as constrained by peridotites from mantlederived xenoliths. An alternative explanation, which requires that lithospheric geotherms in the EEC are systematically much colder than assumed in the present study, is supported neither by surface heat flow data nor by xenolith P-T arrays from Arkhangelsk and Karelia (Kukkonen and Peltonen, 1999; Malkovets et al., 2003) .
Recent petrologic studies support the hypothesis of a negative compositional buoyancy of some Archean- 3 ) SPT density of the lithospheric mantle (a difference between surface topography (corrected for the constant Δ, Eq. (5)) and Fig. 9a and c) . Since, statistically, crustal contribution to the surface topography is similar for tectonic structures of different ages (Fig. 8c) , the map largely reflects variations in the lithospheric thickness and buoyancy (compare with Figs. 3d and 9c) . (e) Lithospheric contribution to the surface topography for the age-dependent SPT density of the lithospheric mantle. The map reflects variations in the lithospheric density (Fig. 7c) . Despite low temperatures, cratonic regions with depleted low-density lithosphere have the largest contribution to lithospheric buoyancy. (f) Residual (dynamic) topography for the age-dependent SPT density of the lithospheric mantle (the difference between the surface topography (corrected for the constant Δ, Eq. (5)) and Fig. 9a and e) . Note high standing of the Norwegian and the Urals mountains and negative values for most of the EEC.
Paleoproterozoic regions of the world. Indeed, they indicate that typically the subcrustal lithosphere of the cratons is vertically stratified: lithospheric depletion decreases with depth and is the lowest in its basal parts (Gaul et al., 2000) . This leads to an increase of the lithospheric density with depth. According to the isopycnic hypothesis (Jordan, 1988 (Jordan, , 1997 , an approximate balance between compositional and temperatureinduced density variations in the lithospheric column should make the entire cratonic lithosphere gravitationally stable. However, recent experimental studies of Kaapvaal garnet lherzolites and Tanzanian peridotite xenoliths (Boyd et al., 1999; Lee and Rudnick, 1999) indicate that many peridotites from depths greater than 120 km are much denser than predicted by the isopycnic hypothesis. Conversely, the estimates of Poudjom Djomani et al. (2001) for typical cratonic geotherms and lithospheric densities calculated from modal compositions suggest that only the lower (below 100-150 km depth) part of the cratonic lithosphere is buoyant with respect to the underlying mantle. Despite the principal discrepancy between these two sets of results, both of them imply that cratonic lithosphere can be negatively buoyant due to its vertical compositional heterogeneity and density stratification. In particular, in those parts of the EEC, that were affected by Phanerozoic tectono-magmatic activity, fertile components brought by ascending basaltic magmas may have increased the density of the lower lithosphere (Lee and Rudnick, 1997) , causing its negative residual (in this case, compositional) buoyancy (Artemieva, 2003) .
(2) If petrologic data provides accurate constraints on the density structure of the lithospheric mantle, the strong negative residual topography in the ArcheanPaleoproterozoic blocks of the EEC (Figs. 8d and 9f ) must be attributed to dynamic subsidence (dynamic topography), e.g. to a convective downflow in the sublithospheric mantle. Spatial variations in the amplitude of the dynamic topography apparently do not correlate with tectonic units of the EEC, but seem to be a craton-scale feature, complicated by regional patterns. Indeed, significant lateral variations in the depth to the lithosphere-asthenosphere boundary beneath the EEC presumably affect the pattern of mantle convection near the lithospheric base and may cause small-scale convectional instabilities around regions with large gradients in lithospheric thickness. Large-scale mantle downwellings beneath the Archean-Paleoproterozoic blocks of the EEC will effectively divert heat from the mantle, leading to long-term stability and survival of the ancient continental lithosphere. The lack of highresolution tomography models for the mantle of the EEC precludes further speculation on the origin of its dynamic topography.
Conclusions
The analysis of a large volume of regional seismic reflection/refraction data, seismic tomography interpretations, and thermal data indicate that the EEC is characterized by huge undulations in the relief of the top of the basement (20+ km), the Moho (ca. 30 km), and the lithosphere-asthenosphere boundary (200+ km). This paper examines the isostatic contributions of the crust, the subcrustal lithosphere, and the sublithospheric mantle (dynamic topography) to the surface topography, which does not exceed 200 m for most of the EEC.
1. The statistical analysis of the crustal structure of the EEC indicates a systematic increase in average crustal density with age, from the Phanerozoic to the Archean, coupled with a systematic increase in the depth to Moho and thickness of the crystalline crust; however it is the Paleoproterozoic crust that has the largest crustal densities and thickness. In situ density contrast between the crystalline crust and the sublithospheric upper mantle varies from ca. 500 kg/m 3 for Phanerozoic blocks to 150-250 kg/m 3 for Archean-Paleoproterozoic shields. 2. A highly heterogeneous thermal regime of the cratonic upper mantle is expressed in significant variations in the lithospheric thermal thickness, that increases almost linearly with age and reaches the largest values in the Archean terranes. An analysis of large-scale P-and S-wave seismic tomography models (Bijwaard and Spakman, 2000; Shapiro and Ritzwoller, 2002; Piromallo and Morelli, 2003) at 100, 150, 200, and 250 km depths does not show any age-dependence of Vp/Vs ratio for the Precambrian lithosphere, suggesting that while Vp/Vs ratio can be effectively used to outline the cratonic margins, it is not sensitive to velocity and compositional variations within the cratonic lithosphere. 3. Buoyancy analysis indicates that isostatic contribution of the crust to the surface topography does not depend on the age for the crust older than 100 Ma and is ca. 4.5 km. On the contrary, lithospheric buoyancy shows a strong age-dependence. For the constant SPT (i.e. at room conditions) density of the lithospheric mantle, its buoyancy reflects chiefly lithosphere thickening with age. For the agedependent SPT density of the lithospheric mantle, as constrained by petrologic data on mantle-derived xenoliths from different continents, its buoyancy is controlled chiefly by its density structure: cratonic regions with a depleted low-density lithospheric mantle have the largest (slightly positive) contribution to the lithospheric buoyancy despite their low lithospheric temperatures. Due to cold mantle temperatures, Cenozoic collisional orogens associated with subduction zones have low lithospheric buoyancy despite their large lithospheric thickness. 4. Residual topography calculated for a constant SPT density of the lithospheric mantle requires that the density deficit in the Precambrian lithospheric mantle of different ages is the same, ca. 1%. For the Archean cratons, this value is significantly lower than constrained by petrologic studies of mantle-derived peridotites. For the age-dependent SPT density of the lithospheric mantle, negative residual topography suggests either compositional subsidence of the EEC due to its high lithospheric density or the dynamic subsidence in response to mantle downflow caused by density anomalies in the sublithospheric mantle.
In the former case, the isopycnic hypothesis is not entirely satisfied for the cratonic lithosphere of Europe. In the latter case, mantle downflow beneath the Archean-Paleoproterozoic cratons (as exemplified by the EEC) will effectively divert heat from the lithospheric roots, providing unique conditions for their long-term survival. In Phanerozoic regions, the results are independent of the assumptions on the lithospheric density. Negative (− 2-3 km) dynamic topography in the Po basin, the Peri-Caspian basin, the Northern Caucasus foredeep (and, perhaps, in the southern part of the Peri-Urals foredeep) is likely to reflect down-flexure of the lithospheric plates in response to down-pull by subducting slabs. The strongest positive residual topography (N2 km) calculated for the Norwegian Caledonides and the Urals can be attributed to a dynamic support of the sublithospheric mantle.
